Objective 29
INTRODUCTION
were nonsmokers, without major chronic disease (i.e., diabetes, coronary heart disease), and 104 not taking medications known to influence food intake or body mass. They reported normal 105 body mass at birth and were born at term. They had lived in the Caribbean area for more than 106 3 months and were thus well acclimated to a tropical climate. They reported no food allergies 107 or restrictions and screening had excluded individuals with eating disorders [11] . They trained 108 regularly with a mixture of endurance and resistance exercises. Their physical activity was 109 within a range of 2000-6000 METs.min/week (2100-6700 kcal/week). The subjects were not 110 aware of the specific purpose of the study. 111
Experimental design 112
The subjects underwent a familiarization and testing session, during which their maximal 113 oxygen uptake ( O 2max ) and anthropometric data were measured. They then participated in 114 the experimental trials, which were administered in a randomized counterbalanced design 115 over 4 days: a resting control in a neutral environmental temperature (rest-22°C), a resting 116 control in a hot temperature (rest-31°C), exercise (cycling) in a neutral environmental 117 temperature (ex-22°C) and exercise in a hot temperature (ex-31°C). They were instructed to 118 have similar energy intake and to abstain from high-intensity exercise and alcohol the day 119 before each session. This was carefully checked with food and activity journals. Sessions 120 would be postponed in case of unacceptable quality or quantity dissimilarity. Subjects 121 reported to the laboratory at 6:30 am after an overnight fast on four occasions at least one 122 week apart. 123
The experiment was divided into three parts ( Fig. 1) : the "test" of 40 minutes in either the rest 124 or the exercise condition, followed by a 30-minute rest period, and then an ad libitum meal of 125 30 minutes. During the control trials, the subjects lay on an examination table for 40 minutes. 126 exercise test to exhaustion, performed on a cycle ergometer (Monark Weight Ergometer 152 814E, Varberg, Sweden). The increments were set at 15-20 W per minute according to the 153 expected physical fitness so as to reach exhaustion within 12 minutes as recommended [12] . 154
Complete metabolic data were collected using a breath-by-breath ergospirometry system 155 (Metalyzer ® 3B, Cortex Biophysik GmbH, Germany). They had a O 2max of 47.1 ± 7.4 156 ml.min -1 .kg -1 . 157
During the four experimental sessions, heart rate (PolarVantage, Polar Electro Oy, Kempele, 158 Finland), oxygen consumption and respiratory exchange ratio (RER) (Metalyzer ® 3B, Cortex 159
Biophysik GmbH, Germany) were assessed regularly (Fig. 1) . 160
Core temperature and thermal comfort 161
The tympanic membrane is supplied with blood from the internal carotid artery just like the 162 hypothalamus. This cranial location thus served as a substitute for the measurement of the 163 inaccessible hypothalamic temperature [13] . 164
Core temperature was recorded during the tests with a tympanic temperature probe (Smiths 165 Medical, St Paul, MN, USA) placed in the aural canal near the tympanic membrane. The 166 tympanic probe was held in position and isolated from the external environment with cotton, 167 surgical tape (Transpore; 3M, London, Ontario, Canada), and an ear defender (model 1000; 168 Mastercraft, Bobcaygeon, Ontario, Canada) as described by others [14] . 169
Subjects were asked to assess their thermal comfort using a visual analog scale (VAS). 170
Energy expended during the tests was determined by indirect calorimetry (Metalyzer ® 3B, 174
Cortex Biophysik GmbH, Leipzig, Germany) and calculated using the Weir equation. 175
Assessment of energy intake 176
Prior to the study, individuals who were eligible for study inclusion were asked to describe 177 what they usually ate for breakfast. Test meal items were evaluated for palatability before 178 initiation of the study. We thus tried to offer the subjects familiar foods for breakfast in order 179 to be as close as possible to the real-life meal situation. Indeed, Blundell et hunger (How hungry do you feel? "not hungry at all" to "as hungry as I've ever felt"), desire 196 to eat (How strong is your desire to eat?: "very weak" to "very strong"), fullness (How full do 197 you feel? "not full at all" to "very full"), and prospective food consumption (How much do 198 you think you can eat? "nothing at all" to "a large amount"). The composite appetite score 199 (CAS) reflects the responses to the four VAS questions and was included in the study as a 200 summary measure of appetite. CAS was calculated using the following formula: CAS = ((100 201 
Statistics 213
The required number of participants was a priori calculated using G*power 3.1 for Mac. energy intake, relative energy intake and water intake. 228
Data were tested for sphericity using Mauchly's test and if the assumption of sphericity was 229 violated, the Greenhouse-Geisser correction was undertaken to adjust the degrees of freedom. 230
Tukey's post-hoc tests were performed to identify mean differences among conditions when 231 the effect of time x metabolic activity, time x temperature, or time x temperature x metabolic 232 activity was significant. Otherwise, only significant simple effects or interaction effects are 233 reported. 234
RESULTS 235

Cardiopulmonary assessment (Fig. 2) 236
Oxygen uptake and RER ( Fig. 2a and 2c) were affected by the metabolic activity, time and 237 their interaction (p<0.001). Heart rate ( Fig. 2b ) was significantly increased in the exercise 238 conditions (p<0.001). It was also higher in the hot conditions than in the neutral onesmetabolic activity x temperature x time was significant (p<0.043). 241
Temperature and thermal comfort 242
The variation from T0 tympanic temperature was significantly affected by the interaction of 243 metabolic activity x temperature x time was significant (p=0.001), exclusively due to higher 244 values at all times in the Ex-31°C session as compared to the others (all p<0.001). Metabolic 245 activity, time, temperature and their interactions significantly affected thermal comfort (Fig.  246 3), except for the metabolic activity x temperature x time interaction, which was not 247 significant. 248
Water intake 249
Water intakes during the 40-min test, water intakes to compensate water loss and during the 250 meal and total water intakes are reported in table 1. Exercise increased water intake during the 251 40-minute test period (p<0.001) and during the recovery to compensate water loss (p=0.002), 252 as well as the total water intake (p<0.001). Water intake during the 40-minute test period and 253 total water intake were also affected by temperature (p<0.001 and p=0.019, respectively). The 254 combined effects of metabolic activity and temperature on total water intake approached 255 significance (p=0.072). 256
Energy balance and appetite 257
The energy expended during the 40-minute test periods was 45 ± 6, 46 ± 6, 389 ± 22 and 385 258 ± 26 kcal, in the rest-22°C, rest-31°C, ex-22°C and ex-31°C conditions, respectively. It was 259 only affected by metabolic activity (p<0.001). Absolute energy intake did not differ between 260 the four experimental conditions (1042 ± 330, 1039 ± 217, 1156 ± 236 and 1090 ± 296 kcal in 261 intake reported to body mass (all p>0.258 for metabolic activity, temperature and interaction). 263
The relative energy intake (Fig. 4) was significantly decreased in the exercise conditions 264 compared with the rest conditions (p=0.004). 265
The composite appetite sensation (Fig. 5) was only affected by time (p<0.001). The effect of 266 temperature did not reach significance (p=0.073), with a trend towards reduced appetite in the 267 hot conditions. 268
Markers of food intake regulation 269
Plasma PP (Fig. 6 ) was increased in the exercise conditions (p=0.002) compared with rest 270 conditions. It was also affected by time (p<0.001), with postprandial PP being higher than at 271 all other time points. 272 CCK (Fig. 7) was affected by time (p=0.005), with a significant increase at T100 compared 273 with T40 and T55 (p=0.006 and 0.002, respectively). The metabolic activity x time interaction 274 was also significant (p=0.005). 275
The meal induced an increase in CCK only in the rest conditions (p=0.006 and p<0.001 for 276 rest-22°C and rest-31°C, respectively). In the rest-31°C condition, postprandial CCK was 277 higher than at all other time points (p<0.001). 278
Plasma ghrelin (Fig. 8) was affected by the environmental temperature, with higher levels in 279 the neutral conditions (p=0.031). 280
281
The main findings of this first randomized crossover study including rest and exercise in 284 neutral and hot ambient temperatures and focused on energy balance regulation were: 1) 285 exercise induces a decrease in the relative energy intake; 2) heat does not further modify this 286 effect in these acclimated subjects; 3) CCK and PP were differently affected by the metabolic 287 activity, while ghrelin was decreased in the heat. 288
A suppressive effect of exercise on appetite, referred to as short-term exercise-induced 289 anorexia, has been described [19] . The anorexic effect of exercise is more likely to be 290 observed in obese/overweight or sedentary individuals. Highly fit and physically active 291 people do not exhibit the same response to exercise [6, 20, 21] . Our findings confirm the 292 general observation that absolute energy intake is not affected by metabolic activity, although 293 this observation is not unanimous. 294
Nevertheless, the increase in energy expenditure caused by increased metabolic activity was 295 not compensated for by increased energy intake. A few studies have reported that increased 296 energy requirements do not always immediately trigger increased energy intake and appetite 297 and, consequently, exercise is likely to induce negative energy balance [6] . The cause of this 298 exercise-induced energy deficit is not precisely known but several mechanisms have been 299
proposed. They include the improvement of satiety by increasing the postprandial sensitivity 300 to ingested nutrients consumed in post-exercise meals [22] . 301 Such an energy deficit, if repeated over a longer period, could have significant implications in 302 terms of weight management. The question can also be analyzed from the point of view of the 303 resting sessions, which are likely to induce positive energy balance on longer term. This study 304 fuels the idea of an inability to compensate for inactivity by reducing energy intake [22] .previous study reported no difference in absolute and relative energy intake after exercise 308 performed in the heat and a neutral environment [8] . 309
Given its randomized crossover design, this study could investigate the mechanisms of energy 310 balance after exercise in the heat. The focus on CCK and PP was motivated by the putative 311 theoretical impact of heat exposure on gastro-intestinal tract releases due to blood flow 312 redistribution. We observed an elevation of these anorexigenic factors (i.e., CCK and PP) in 313 response to food intake, as expected [23, 24] . Total ghrelin levels known as an orexigenic 314 factor, however, were not affected by food intake. Similar observations were reported, with 315 no modification in ghrelin levels 30 minutes after the ingestion of a meal, following rest or 316 exercise [25] . Although there is a close relationship between total and the biologically active 317 appetite stimulating acylated ghrelin it can not be excluded that after exercise and/or exposure 318 to heat this relationship is somewhat different. 319
We found small effects of exercise on the appetite hormone levels, as reported in other studies 320
[4]. CCK and PP, the two anorexigenic factors measured in our study, seem to be differently 321 affected by metabolic activity. Whereas PP was higher in the exercise conditions, CCK 322 increased only after food intake in the rest conditions. The increased secretion of PP in the 323 exercise conditions is in accordance with a recent meta-analysis [6]. This is very compatible 324 with previous observations reporting that not only does acute exercise increase fasting plasma 325 PP [26] , but it also raises postprandial PP levels [27] . 326
Unlike for PP, very few data are available on the effects of acute exercise on CCK. 327
Observations partly contrary to our finding have been reported, with one study suggesting that 328 acute exercise increased plasma CCK levels [28] . The main reason for this discrepancy stands 329 maximal incremental exercise performed in less than 20 minutes, which generates metabolic 331 stimuli not comparable to the ones raised by our exercise conditions. Our results are similar to 332 the findings for chronic exercise, with stable levels of CCK [28] while those of PP are 333 increased [29] . Moreover, one study reported that CCK levels were reduced in response to 334 food intake in women athletes, as compared with sedentary controls, when energy intake was 335 increased [30] . This could be paralleled to the reduced levels of postprandial CCK after 336 exercising, and suggests that energy expenditure may modify the CCK response to food 337 intake. We are not aware of investigations on CCK in response to exercise in the heat. To our 338 knowledge, we are the first to provide evidence that hot environmental temperature does not 339 further modify the effect of exercise on CCK levels. This would mean that despite probable 340 different blood flow in the gastro-intestinal tract, CCK release would be preserved. CCK then 341 appears as a robust anorexigenic factor maintaining its function whatever the ambient 342 temperature variation (within the range we tested here). Also, this discards the 343 thermoregulatory mechanisms as the main triggers of CCK inhibition in response to exercise. 344
Metabolic activity did not affect plasma ghrelin, however, as evidenced earlier by other 345 studies in healthy subjects [31] [32] [33] . Indeed, total plasma ghrelin levels were not modified after 346 high-intensity exercise [25] , but a few data support the idea that an acute bout of exercise 347 influences appetite by suppressing levels of acylated ghrelin [4] . Desacyl ghrelin (not 348 measured in our study), in contrast to acylated ghrelin, induces a negative energy balance by 349 decreasing food intake [34] . This may have contributed to the post-exercise energy deficit 350 observed in our study. 351
Ghrelin levels were affected by the environmental temperature, whereas temperature had no 352 effect on the plasma levels of CCK or PP. This agrees with recent findings that thenight average), the subjects underwent cold exposure when they entered the 22°C room, as 356 was reflected by their reports of lower thermal comfort in the 22°C conditions, even at 357 baseline. Since acute exposure to cold increases plasma ghrelin levels [36] , acclimation of our 358 participants to tropical climate may explain the higher ghrelin level at baseline and all through 359 the session, even though not significantly so at single time points, in the 22°C condition. 360
Apart from this specific initial response, our data basically confirm some of those recently 361 published by Kojima et al.
[37] whereas disagreements can be explained by differences in 362 fitness of the participants. They also provide suspicions that acclimation is a potential 363 modulator factor, and that ghrelin is a fast and sensitive responder to relative cold exposure. 364
One of the strengths of this study resides in its design. To the best of our knowledge, this is 365 the first study with subjects who participated in both rest and exercise sessions, in neutral and 366 hot ambient temperatures. Moreover, water intake was carefully controlled, unlike most of the 367 studies investigating food intake and its regulation. The role of water intake in decreased 368 hunger and food intake has not been extensively studied. A few studies have reported that 369 water consumed before and during a meal does not modify energy intake in young subjects 370 [38, 39] , and a recent one showed that hydration status had no impact on post-exercise appetite 371 or energy intake [40] . In older and obese older adults, however, water consumption reduces 372 energy intake [38] . As the results seem to differ depending on the situation and the population 373 under study, and given that both exercise and heat induce water loss, we chose an 374 experimental design that controlled for hydration status to avoid any potential bias. 375
The limitations of this study are its very acute nature, the lack of inclusion of women, the 376 small number of subjects and the low values for body fat mass, the latter two of which impedethe subjects of our study seem to have drunk less water than in a previous study [8] , and this 379 may not actually reflect what would have occurred in real life. Last, conversely to most 380 studies, the subjects involved in the experiment were acclimated to heat, which makes 381 comparisons difficult. 382
In conclusion, exercise induced a short-term energy deficit. However, modifications in the 383 hormonal regulation of food intake in response to short-term exposures to heat or to heat and 384 exercise seem to be minor and did not induce any changes in energy intake. Long-term studies 385 are required to comprehend the role of environmental temperature among the modulators for 386 energy balance. This would allow a better understanding of the association between exercise 387 training and performance, and body mass regulation in tropical and hot environments. 388
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